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Topological phase transitions in condensed matter systems have shown extremely rich physics,
unveiling such exotic states of matter as topological insulators, superconductors and super-
fluids. Photonic topological systems open a whole new realm of research exhibiting a number
of important distinctions from their condensed matter counterparts. Photonic modes can
couple to the continuum of free space modes which makes it feasible to control and ma-
nipulate scattering properties of the photonic structure via topology. At the same time, the
direct connection of scattering and topological properties of the photonic states allows their
probing by spectroscopic means via Fano resonances. Here we demonstrate that the radiative
coupling of modes supported by an all-dielectric metasurface can be controlled and tuned un-
der topological phase transitions due to band inversion, correspondingly inducing a distinct
switching of the quality factors of the resonances associated with the bands. In addition, we
develop a technique to retrieve the topological properties of all-dielectric metasurfaces from
the measured far-field scattering characteristics. The collected angle-resolved transmission
and reflection spectra allow extracting the momentum-dependent frequencies and lifetimes
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of the photonic modes. This enables retrieval of the effective photonic Hamiltonian, including
the effects of a synthetic gauge field, and topological invariants – pseudo-spin Chern num-
bers. Our results thus open a new avenue to design a new class of metasurfaces with unique
scattering characteristics controlled via topological effects. This work also demonstrates how
topological states of open systems can be explored via far-field measurements.
Topological phase transitions in two-dimensional (2D) condensed matter systems have at-
tracted an enormous interest 1–4 crowned by the Nobel Prize in Physics in 2016. With the advent
of photonic topological insulators 5–12 the research domain expanded to include topological phase
transitions for light 13, 14. However, most of the topological photonic systems considered until to-
day have largely ignored the fact that photonic modes can couple to the continuum of free-space
modes, and their exploration has been limited to near-field properties. Only recently topological
phenomena in photonic systems associated with leaky states have attracted attention in the context
of non-Hermitian Floquet systems 15, 16 and non-radiative modes in the continuum 17.
While the leakage of photonic modes to the free space continuum can be considered as a
challenge, as it makes the system non-Hermitian, it may also offer an alternative route to explore
the topology of photonic bands with far-field measurements, provided that the radiative decay
of the topological modes is controllable and not destructive. This is especially relevant in the
context of metasurfaces – ultrathin photonic structures enabling a variety of novel optical devices
including flat lenses, and wave-plates to control polarization and angular momentum of optical
beams 18–23. Endowing metasurfaces with topological properties may open a whole new realm of
opportunities in the field of light scattering and wavefront control, as the synthetic gauge field for
light have been shown to controllably affect all degrees of freedom associated with electromagnetic
radiation. Provided the metasurface is engineered to sustain topological photonic modes above the
2
light line, they may couple to the radiative continuum, giving rise to unique scattering features,
such as Fano resonances discriminating light by its polarization, angular momentum, or any other
synthetic degree of freedom.
In recent years, it has become a traditional approach to look at the topological properties
of photonic systems through the prism of the bulk-boundary correspondence principle 24, inves-
tigating their edge characteristics, including chiral and helical edge states. While this strategy to
explore topological properties 6, 9, 25, 26 is quite appealing, due to their distinctive features, backscat-
tering immune propagation in first place, it can divert us from potentially beneficial properties
of bulk modes stemming from their topological nature. To explore these ideas, in this Article, we
design and fabricate a metasurface that supports radiative photonic modes in the near-infrared spec-
tral range and exhibits a topological transition. As the parameters of the metasurface are tuned, the
coupling of topological modes to the radiation continuum enables the observation of a topological
transition, which is accompanied by the inversion of bright and dark modes, referred to as band
crossing. Angle-resolved spectroscopy allows the direct extraction of spectral positions, inten-
sity and width of the corresponding peaks in the transmittance spectrum. As demonstrated below,
these parameters provide valuable information about the nature of the eigenmodes supported by
the structure, enabling the univocal retrieval of topological invariants from far-field measurements.
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Figure 1 Design of a photonic metasurface exhibiting topological transition and band inversion
above the light line. (a,b) Geometry of a metasurface composed of a triangular lattice of hexamers
of Si pillars on a sapphire (Al2O3) substrate: (a) shrunken structure with a/R > 3; (b) expanded
structure with a/R < 3. (c) Left: the Brillouin zone of an unperturbed honeycomb lattice a/R = 3
(black) and the triangular lattice under study a/R 6= 3 (blue) obtained by the honeycomb lattice
deformation. Right: Shrinking/expanding the hexamer leads to folding of K and K’ points to Γ
point in the new lattice. As the result of such symmetry reduction, valleys (pseudo-spins) mix,
which may lead to a topological transition. (d) Demonstration of band inversion. Left column:
Complex photonic band structure for the four doublet bands of shrunken a/R = 3.15 (top), and
expanded a/R = 2.85 (bottom), structures. Color encodes the radiative quality factor of the
modes. Right column: Extinction spectrum 1− T/T0 of the metasurface normalized to the
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transmittance T0 of the Al2O3 substrate computed for the fixed angle of incidence 16◦. The peaks
in far-field spectrum correspond to the eigenmode frequencies for the given tangential wave
number. (e) Simulated field profiles showing the Ez field component at the top surface of the unit
cell for dipolar (top row) and quadrupolar (bottom row) eigenmodes for expanded (topological)
structure, (f) Side view of the field distribution in the unit cell under resonant excitation of the
dipolar mode at normal incidence by x-polarized light. electric field magnitude is normalized to
the maximum value.
The metasurface is based on cylindrical Si pillars arranged in hexagon clusters with edge
length R, placed at the sites of a triangular lattice with period a [Fig. 1(a,b)]. The topological
properties of its infinite 2D analogue possessing C6v symmetry have been the subject of several
recent studies 27–31. For a/R = 3, this system is a conventional honeycomb lattice with unit cell
formed by two cylinders, which exhibits Dirac cones centered at K and K′ points of the Brillouin
zone. However, if the lattice symmetry is reduced by clustering six neighboring pillars so that
a/R 6= 3 (distorted lattice), the size of the unit cell increases leading to the reshaping of the first
Brillouin zone [Fig. 1(c)]. As a consequence, the Dirac points appear in the vicinity of the Γ point
due to band folding in the distorted lattice. Additionally, the interaction between the valleys of the
former honeycomb lattice caused by such symmetry reduction leads to the opening of photonic
bandgaps. This interaction can be viewed as synthetic spin-orbit coupling (gauge field) between
pseudo-spins of former valley degrees of freedom. Previous studies suggested that the shrunken
structure with a/R > 3 is topologically trivial, whereas the expanded system with a/R < 3 is
topologically nontrivial 27 (see also Sup. Mat. Sec. I), which, as shown below, remains true for
the case of the open system. The important distinction however is that in the case of the open
metasurface the folded modes appear within the light cone and therefore are radiatively coupled to
the continuum of free space, which enables their far field characterization 32.
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To perform spectroscopy measurements of metasurfaces with two topologically distinct ge-
ometries, we fabricated two sets of samples [Fig. 1(a,b)] with the same lattice period a = 750 nm,
radius of silicon pillars r = 75 nm and height of the pillars h = 1.0 µm. The sizes of the clusters
R shown in Fig. 1(a,b) were chosen to be a/R = 3.15 and a/R = 2.85 for shrunken and expanded
structures, respectively.
Effective Hamiltonian. While the topological properties of the perturbed honeycomb lattice
have been previously explored under the tight binding approximation, here we take a different ap-
proach, fully considering the electromagnetic nature of the system. Correspondingly, the effective
Hamiltonian near the Γ point of the Brillouin zone is obtained directly from Maxwell’s equations
by the plane wave expansion method 8, 12 (Sup. Mat. Sec. II). To describe the properties of pho-
tonic bands of bulk modes in the 2D photonic crystal in the vicinity of the Γ point, we construct
an effective 4× 4 Hamiltonian. Focusing on TM-polarized modes with Ez component of the elec-
tric field directed along the Si rods’ axis, we find the results in compliance with the tight binding
model (Sup. Mat. Sec. I and Refs. 27, 28). The derived effective 4×4 Hamiltonian has the following
form 27:
Hˆ =
Hˆ− Kˆ
Kˆ† Hˆ+
 , (1)
where the 2× 2 matrices Hˆ± and Kˆ read
Hˆ± =
 µ(k) v (∓kx − i ky)
v (∓kx + i ky) −µ(k)
 , (2)
Kˆ =
α (kx + iky)2 0
0 −α (kx − i ky)2
 , (3)
µ(k) = µ + β k2, µ and β are the mass term and band parabolicity, respectively. This form of the
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Hamiltonian corresponds to the basis choice
|ψ〉 = (|p−〉 , |d−〉 , |p+〉 , |d+〉)T , (4)
where, |p±〉 = px ± ipy denote circularly polarized dipolar modes and |d±〉 = dx2−y2 ± idxy stand
for the ”circularly polarized” quadrupolar modes, which both originate from TM modes supported
by an isolated meta-molecule (the hexamer of 6 dielectric rods).
The four eigenstates of the Hamiltonian Eq. (1) exhibit a pairwise degeneracy at Γ point k =
0 (Sup. Mat. Sec. I, II), with eigenvalues equal to µ (dipolar modes) and −µ (quadrupolar modes).
Topological transition from shrunk to expanded design is characterized by a band inversion for
dipolar and quadrupolar eigenstates, accompanied by an inversion of the sign of the mass term
µ. The degeneracy is removed for nonzero values of k due to the term ∝ α, which describes
the coupling of left- and right-handed circularly polarized modes. However, for the topological
invariant calculation, the term proportional to α is inessential and it can be dropped 27. As a result
of this approximation, the Hamiltonian splits into two independent 2× 2 blocks, and the effective
pseudo-spin can be introduced. A straightforward calculation 33 of spin Chern number (Sup. Mat. I)
yields
C =
1
2
[sgnµ− sgn β] . (5)
Thus, to evaluate the topological invariant it is sufficient to extract the mass term µ and the parabol-
icity of the bands β from the experimentally measured spectra.
Retrieval of topological order through light scattering by the metasurface. The modes
of interest are located above the light cone and, for the case of a metasurface of a finite thickness
within an open background, they couple to the radiation continuum 32. As a result, the modes
have a finite lifetime, and the corresponding eigenfrequencies become complex valued. Thus, the
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Si pillars constituting the metasurface effectively act as laterally coupled cavities, and the leaky
modes of the structure can be excited by the polarization currents induced at the interface of the
metasurface by the incident fields. However, taking into consideration the symmetry of the modes,
normally incident light can only couple to the dipolar modes, whereas coupling to the quadrupolar
modes is suppressed because of the symmetry mismatch with the incident field. Nonetheless,
the quadrupolar modes can be excited indirectly through coupling to dipolar modes at oblique
incidence, because of the hybridization of dipolar and quadrupolar modes away from the Γ point.
This mechanism is analogous to the extrinsic coupling to dark modes in Fano-resonant systems
caused by symmetry reduction due to the finite value of the in-plane wave vector components. Of
special interest are the effects of topological transition on the radiative coupling of the modes to the
continuum, which should follow the band inversion described above, giving rise to switching of
the bright (dipolar) and dark (quadrupolar) modes thus enabling control over the far-field scattering
properties of the metasurface.
To support our claims, the complex dispersion diagrams for both the shrunken and expanded
metasurfaces were calculated in Comsol Multiphysics with radiative decay fully considered. The
results are shown in Fig. 1(d), left. Indeed, the dipolar and quadrupolar modes at the Γ point appear
to be bright and dark, respectively, as reflected by the radiative quality factors. However, even at
oblique incidence the respective modes may have radiative quality factors that differ by orders
of magnitude. The numerically calculated reflectance spectra at oblique incidence are shown in
Fig. 1(d), right, and confirm excitation of the two eigenmodes, which manifest as two peaks.
The predominantly dipolar and quadrupolar modes can be easily discriminated by their distinct
bandwidth and the amplitude of the corresponding peaks.
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To formalize our description in the context of the topological properties of leaky modes,
we develop a unified approach utilizing the temporal coupled mode theory (CMT) along with the
electromagnetic effective Hamiltonian description. We write the CMT equations for the amplitudes
of the right- and left-handed circularly polarized leaky modes coupled to the external source in the
following block-diagonal form:
− iε |ψ±〉 = −i Hˆ± |ψ±〉+ κ
Ein
0
−
γ0 + γr 0
0 γ0
 |ψ±〉 (6)
where |ψ±〉 = (|p±〉 , |d±〉)T is the “wavefunction” composed of p (dipole) and d (quadrupole)
modes of the system. The first term of Eq. (6) describes the evolution of the coupled modes
in a closed system, κ describes the coupling strength of the system to the external field Ein =
E0/
√
2, γ0 represents non-radiative losses in the structure, and γr = κ2/2 describes the radiative
losses. The use of this form of dynamic equation can be also justified by applying electromagnetic
perturbation theory for an open system as shown in Sup. Mat. IV.
Once Eq. (6) is solved, one can obtain expressions for transmission (and reflection) coeffi-
cients:
t± = t0 [1− κ ψ±(p)/Ein] , (7)
where ψ±(p) is the first (dipolar) component of the two-component wave function |ψ±〉. Since
the results are the same for left- and right-handed circular polarizations, from now on we omit the
± subscript. Plugging the Hamiltonian into Eq. (7), we derive the expression for the normalized
reflectivity
R˜ ≡ 1− |t|
2
|t0|2 = 2 γ0 κ
2 (ε+ µ(k))
2 + v2 k2 + γ20
[µ(k)2 − ε2 + v2 k2 + γ0 (γ0 + κ2/2)]2 + [2γ0 ε+ κ2/2 (µ(k) + ε)]2
.
(8)
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Equation (8) suggests in particular that two peaks in the R˜ spectrum can be observed due to exci-
tation of dipolar and quadrupolar eigenmodes. Thus, the frequency of the most pronounced peak
at incidence close to normal is around f0 + µ, whereas the frequency of the less intense peak is
found around f0 − µ, where f0 is the center-of-bandgap frequency.
Overall, there are six parameters in the effective model that control the entire dispersion and
topological properties of the far-field response: µ, γr = κ2/2, γ0, v and β. The numerical values
of parameters comprising the effective Hamiltonian can be obtained by fitting the experimental
data. Next, by using the developed technique, we analyze the experimental data for both shrunken
(a/R = 3.15) and expanded (a/R = 2.85) structures and extract their topological characteristics.
Results
In our proof-of-concept experiment, the structure was illuminated using the source Ocean Optics
HL-2000-LL. The transmission coefficient was measured for both structures by the spectrometer
Ocean Optics NIR Quest NQ 512-2.2 in the range of wavelengths from 896 to 2142 nm correspond-
ing to the frequency range (1.40÷ 3.35) · 1014 Hz. The measured transmittance was normalized to
the one of a sapphire substrate. Figure 2 shows the color map of the quantity R˜ = 1 − T/T0 as a
function of wavelength and incidence angle for both shrunken and expanded structures.
In the wavelength range from 1.6 µm to 1.9 µm, two peaks are clearly observed. The spec-
troscopy results for the whole studied spectral range are provided in Sup. Mat. III. In agreement
with our numerical calculations, the experimental data shows clearly that the most intense and
broad peak for the shrunken structure is the low-frequency one, whereas for the expanded structure
the high-frequency peak is more pronounced. Thus, the shrunken structure is clearly characterized
10
by a negative effective mass µ, while the expanded structure is described by a positive effective
mass µ.
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Figure 2 Measured reflectance spectra for the fabricated dielectric metasurface. (a) Scanning
electron microscopy image of the fabricated expanded structure with lattice period a = 0.75 µm,
a/R = 2.85, pillar height h = 1.0 µm and pillar radius r = 75 nm. (b) Experimental vs numerical
spectra for the fabricated shrunken (top) and expanded (bottom) samples with a/R = 3.15 and
a/R = 2.85, respectively. Color encodes the magnitude of reflectance for p-polarized incident
light.
Then we applied the above model to fit the measured data with Eqs. (6)-(8), as detailed in the
Sup. Mat. III. The results of the simplest fitting algorithm for two particular angles of incidence,
0 and 16 deg, are illustrated in Fig. 3 for the cases of both shrunken and expanded structures.
The extracted parameters of the effective Hamiltonian are listed in Table 1. Importantly, these
numbers appear to be nearly independent of the fitting algorithm (see Sup. Mat. III). From the
measured reflectance spectra, we recover again that the shrunken structure is topologically trivial,
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since the effective mass µ and parabolicity parameter β have the same sign, yielding zero spin
Chern number. On the contrary, the expanded structure appears to be topologically nontrivial, due
to the opposite signs of µ and β, yielding a spin Chern number of 1. These results confirm that it
is possible to retrieve the topological nature of a metasurface, and the band inversion properties,
with far-field measurements in a robust and direct way.
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Figure 3 Fitting of the experimental spectra (1− T/T0, where T0 is the substrate transmittance)
by the analytical model Eq. (8) for (a,b) shrunken and (c,d) expanded structures with a/R = 3.15
and a/R = 2.85, respectively, at two different angles (a,c) θ = 0 and (b,d) θ = 16◦.
Table 1
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Structure µ, THz β,
m2/s
v, 106 m/s γr,
THz
γ0,
THz
C (Spin Chern
number)
Shrunken, a/R = 3.15 -5.22 -1.00 4.76 1.83 1.03 0
Expanded, a/R = 2.85 5.22 -1.96 7.31 0.437 1.06 1
Conclusion
In this paper, we introduced the concept of topological metasurfaces, and demonstrated that their
scattering characteristics, radiative quality factors of the modes in particular, can be controlled
by synthetic gauge fields. The developed formalism allows us to relate topological and far-field
scattering properties enabling the extraction of the effective Hamiltonian and topological invariant
(spin Chern number) of the metasurface from the measured transmission spectra. Coupling of
photonic modes of the structure to the free-space modes allows probing directly the topological
phase transitions in the open photonic system. We believe that our results open a new avenue for
designing metasurfaces with desirable scattering characteristics, topologically robust to continuous
modifications and disorder, by engineering synthetic degrees of freedom of light and gauge fields
acting on them.
Methods
To derive the effective Hamiltonian and topological properties of the photonic crystal, we use
tight binding approach (Sup. Mat. I) as well as plane wave expansion method (Sup. Mat. II). To
calculate the reflection and transmission properties of the structure, we employ coupled mode
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theory (Sup. Mat. III). Perturbative analysis of the radiative losses for the metasurface is performed
by the guided mode expansion method (Sup. Mat. IV). A scheme of the fabrication procedure is
outlined in Sup. Mat. V.
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